Composite concrete filled tube ͑CFT͒ columns are advantageous for use in seismic resistant braced frame construction since these CFT columns are relatively inexpensive, stiff and strong. However, to utilize the composite behavior of the columns, the vertical component of brace force must be transferred through the beam-brace-column connection and distributed to both the concrete and steel in the column. Beam-brace-column connection details are critical for development of this composite action. This paper describes analytical and experimental studies carried out to better understand the transfer and distribution of force to the joint. A range of beam-bracecolumn gusset plate connections were considered. It is shown that the majority of force transferred from the steel into the concrete occurs by bearing rather than by friction. Steel gusset plates with horizontal ribs, or gusset plates with holes, allow more force transfer and have more composite action than plain gusset plates. Slip deformations between the steel and concrete are likely to be too small to mobilize the strength of shear studs in these connections.
Introduction
Concrete filled tube ͑CFT͒ columns have been used for the construction of concentrically braced frames ͑CBFs͒ up to 63 stories tall in regions of moderate to high seismicity in the U.S. CFT columns are used because they offer significant advantages over either reinforced concrete or steel columns. Concrete placed inside the CFT columns provides compressive strength and stiffness to the steel tube and restrains local buckling. The steel tube provides formwork to the concrete, minimizes the cost of the concrete placement, reinforces the concrete for axial tension, bending and shear, and enhances the ductility of the column. To obtain these benefits, composite action between the steel and concrete in the CFT columns must be developed and the vertical component of brace force must be distributed to the steel and concrete through the beam-brace-column ͑BBC͒ connection. Appropriate design of this BBC connection is therefore essential for good seismic performance.
A wide range of BBC connection types have been used to connect braces and beams to composite columns ͑Roeder et al. 2000͒ . Fig. 1͑a͒ shows one BBC connection where a gusset plate penetrates into the CFT column and shear connectors on the gusset plate distribute the brace and beam forces between the steel and concrete. Braces and beams may also be attached to the outside of the steel tube using steel-to-steel connections and shear connectors may distribute axial force to the concrete as shown in Fig. 1͑b͒ . Fig. 1͑c͒ shows a connection similar to Fig. 1͑a͒ , but force transfer occurs solely through friction and bearing at the bottom of the plate. Japanese CFT column connections use internal diaphragm connections as shown in Fig. 1͑d͒ . This connection requires four complete penetration welds around the perimeter of the tube at each beam-column intersection as well as complete penetration welds in each beam flange.
While research on the connection of beams to CFT columns has been carried out for moment connections ͑e.g. , Schneider 1996; Azizinamini 1997; Ricles and Lu 1997; Yura and Jirsa 1997; Hajjar, Schiller and Molodan 1998a,b͒ , and studies of bond at the steel-tube and concrete-core interface have been conducted by Virdi and Dowling ͑1975͒; Shakir-Khalil ͑1991͒ and Cameron ͑1997͒, a study of factors controlling the ability of braces to transfer force into the concrete and steel of CBF-CFT columns has not yet been conducted.
Seismic design of CFT-CBF frames uses provisions such as the International Building Code ͑ICC 2000͒ or the 1997 Uniform Building Code ͑ICBO 1997͒ combined with the AISC ͑1997͒ Steel Seismic Provisions which references AISC-LRFD ͑1994͒. The CBFs are generally designed as special concentrically braced frames ͑SCBFs͒ which are expected to develop inelastic action primarily through tension yielding and buckling of the braces ͑AISC 1997͒.
AISC-LRFD ͑Section I 2.4͒ requires that transfer of force from the brace to the concrete be accomplished by direct bearing of steel on the concrete or through a mechanical shear device. tors embedded in concrete, but it is not clear how this strength should be combined with that given in Eq. ͑1͒.
Composite column compressive strength and stiffness are addressed in AISC-LRFD Section I2.2 ͑1994͒. Here, AISC-LRFD Chapter E axial compressive force equations are employed, but E m , the equivalent steel column modulus of elasticity, and A sm , the equivalent area of steel in the section, are used to account for the composite action of the CFT where (EA) s and (EA) c are the axial stiffness of the steel and concrete alone, respectively, according to Eq. ͑2͒. The term ''c 3 '' estimates the composite action developed in the compression member and it is 0.4 from prior research ͑Galambos and Chapuis 1980͒
For columns in which buckling does not control the peak design force capacity, A s F my is given in Eq. ͑3͒ where A c is the area of concrete, and c 2 has a value of 0.85
For tensile force on the CFT column, the steel yield stress, F y , and the area of the steel tube, A s , are used and the effect of concrete is ignored. AISC provisions described above are not necessarily appropriate for CFT members in CBF structures since the range of BBC connections employed in practice, with their specific details and boundary conditions, is different from what has been investigated in previous studies. Particular issues relating to these BBC connections are that:
• Different amounts of composite action will result in different values of c 3 for Eq. ͑2͒; • Friction between the steel and concrete may transfer significant force in this configuration;
• The concrete bearing stress equation may be overly conservative for the BBC connections; and • There may be some unexpected behavior mode in these connections. Analytical and experimental studies to address these issues are described below.
Analytical Study of Connection Behavior
An analytical study was performed to evaluate the seismic performance of CFT-BBC connections. The particular aims were to evaluate the bearing stress on the concrete, to determine how good the analytical model was in representing joint behavior by looking at internal consistency of the analysis results, to evaluate the likely effectiveness of shear studs by quantifying the steelconcrete slip, to determine the distance from the connection to the point in the column where strain becomes uniform for experimental test design, and to evaluate the effect of friction in the transfer of force from the brace into the BBC connection for different connection designs.
Connection Modeling
In order to evaluate the issues above, BBC connections were analyzed using the ABAQUS nonlinear analysis computer program. The model used was a variation on the commonly used penetrating gusset plate BBC connection type shown in Fig. 1͑c͒ . The gusset plate was modeled and brace forces were applied to it. The plate penetrated the column and was connected to the column tube. Concrete inside the column was modeled. The column extended one half of the column clear span above and below the gusset plate. Only one half of each column was modeled due to symmetry. The prototype member sizes, forces and geometry were based upon prototype designs completed by Emoto ͑1996͒ and actual CFT-CBFs recently constructed in the U.S.
The column in the model had an outside diameter of 710 mm ͑28 in.͒. The tube thickness was 12.7 mm ͑1/2 in.͒ giving a d/t ratio of approximately 57 in the basic model, but the thickness and the resulting d/t ratio were varied throughout the study. The gusset plate was 12.7 mm ͑1/2 in.͒ thick in the base model and 1600 mm ͑63 in.͒ in height. Columns extended 1372 mm ͑54 in.͒ above the top of the gusset plate and 1905 mm ͑75 in.͒ below the bottom of the gusset plate. Braces intersected the gusset plate at 45°angles. A detailed finite element model was developed with three-dimensional eight-node brick elements as illustrated in Fig.  2 .
The steel was modeled as a bilinear plastic material with a yield stress of 345 MPa ͑50 ksi͒, a Poisson's ratio of 0.3, an ultimate tensile stress of 380 MPa ͑55 ksi͒, and a strain hardening ratio of 4% of the elastic modulus.
The concrete was assumed to be linear elastic with an elastic modulus of 37.9 GPa ͑5,500 ksi͒ for stress up to 48.3 MPa ͑7 ksi͒.
The maximum stress, f c Ј , was 68.9 MPa ͑10 ksi͒ at a strain of 0.0015. Thereafter the strength decreased to zero at a strain of 0.002 33. Poisson's ratio of 0.2 for concrete was used. The ABAQUS unreinforced concrete element was employed, but this model consistently failed to converge in regions where moderately large concrete strains developed. Models with high axial force and models with no friction showed particularly severe convergence problems so the strain at zero strength was increased to 0.005 in these cases to provide enhanced apparent ductility. The The interface between the steel and concrete surfaces was modeled using contact pairs consisting of master ͑steel͒ and slave ͑concrete͒ surfaces. Hard contact was specified. This required that the surfaces be in contact to transfer normal stress or shear stress through friction. The coefficient of friction, , was initially chosen to be 0.3, but it was varied from 0.0 to 0.4 in the study. Before any forces were placed on the model, the clearance between all steel and concrete surfaces was zero. Cohesion was not modeled between the steel and the concrete.
Axial forces in the CFT columns varied between 0 and 50% of the column compressive strength. These forces were applied at the top and bottom of the column and distributed to the concrete and steel in proportion to their axial stiffnesses.
Brace forces were monotonically added in increments to observe the nonlinear behavior of the connection. The brace below the connection was considered to be in tension while the brace above the connection was in compression. Brace forces of 2.43 MN ͑547 kips͒ were computed based on the brace compressive buckling capacity ͑AISC 1997͒ although greater brace forces may occur due to the conservatism of the code, postbuckling behavior and strain hardening. As brace forces were applied, equal and opposite forces were applied at the column base distributed to the concrete and steel in proportion to their stiffnesses.
The model should have always been in equilibrium so supports of the assemblage were theoretically not required. However, accidental imbalance may occur because of round-off errors. As a result, a single node located at the centroid of the bottom of the column was restrained by a spring with a stiffness of 350 MN/m ͑39,560 kip/in.͒ to prevent rigid body translation and rotation as shown in Fig. 2 . Out-of-plane movements and in-plane rotations were restrained on the plane of symmetry, but all other deflections and rotations were permitted. The resulting model had 5,100 elements and 8,863 nodes. Computer analyses required between 4 and 5 h CPU time or up to 18 h total time for completion on the Sun Sparc Workstation Ultra 5.
Five analysis cases are described in Table 1 . Other analyses, not reported here, were also conducted to ensure convergence and to establish the sensitivity of the results to mesh size. The base model, Case 1, represented reasonable sizes in a typical structure with a 12.7 mm ͑1/2 in.͒ tube wall thickness and a column axial force which was 10% of the column crushing capacity, F ym A s . If friction is ignored, then the force transferred to the concrete by bearing at the bottom of the steel gusset plate is 283 MPa ͑41 ksi͒. For Case 2, the steel plate thickness, t plate , was increased to reduce these stress levels and to evaluate the effect of this reduction on the connection performance. Transfer of force by bond stress or friction between the steel and concrete may also be significant. As a result, the friction coefficient, , is increased to 0.4 to allow greater bond transfer for this Case 2 model. Case 3 was considered to be the worst case model since the steel tube size was decreased and friction was ignored. Cases 4 and 5 considered the possibility of column axial force variation between 0 and 50% of the crushing capacity.
Analytical Predictions
The steel plate axial stress, given in Table 1 , was found in the steel elements directly above the concrete at the center of the tube at the maximum force as shown in the steel gusset plate axial stress contour plot in Fig. 3͑a͒ . Here it may be seen that stresses increase toward the bottom edge of the plate where the plate bears on the concrete. The axial stress at the bottom and center of the plate is between 113 and 132 MPa ͑16.4 and 19.1 ksi͒ for Case 1 when the peak compressive axial stress is 245 MPa ͑35.5 ksi͒ at the right hand edge, because the brace loading occurs on that edge. There is no friction between the steel and the concrete for Case 3. The force that must be transferred from the steel plate by bearing to the concrete will cause an average stress of 352 MPa ͑51.1 MPa͒ at the bottom of the steel plate according to equilibrium considerations. This average stress demand is larger than the yield stress of 345 MPa ͑50 ksi͒ but it is less than the ultimate tensile stress. From the ABAQUS model the stress at the bottom center of the steel plate from the contour plot is 161-185 MPa ͑23.4 -26.8 ksi͒. This is larger than that for Case 1 even though the applied brace force in the Case 3 analysis is only 90% of that used in the other analyses because of convergence problems. The maximum axial stress from the contour plot at the bottom of the steel plate is 321 MPa ͑46.6 ksi͒. Since this stress is only 92% of the required average bearing stress, the ABAQUS analysis does not seem to model the bearing stresses well. In Case 5, the midplate axial stresses were as high as 247 MPa ͑35.8 ksi͒. The greatest plate principal stress of 350 MPa ͑50.8 ksi͒ occurred in Case 5. Peak compressive principal stress, like the peak axial stress, occurred at the bottom of the plate on the loaded side. The peak tensile principal stress, shown in Fig. 3͑b͒ for Case 1, was localized in the plate near the connection to the tension brace.
Equilibrium dictates that the bearing stresses at the steel plate/ concrete interface be equal in magnitude and opposite in direction. The plate axial stresses are high with peak values approaching the steel yield stress. Concrete axial stresses in the elements directly beneath the plate at the center of the tube are about an order of magnitude less than the steel plate axial stresses as given in Table 1 . This is because the concrete stresses are computed at the mid-height of the 76.2-mm-deep ͑3 in.͒ concrete elements rather than at the steel-concrete interface. If bearing force is transferred to the concrete at an angle of 2.5 units horizontal to one unit vertical, then the stress in the concrete at the element midheight would be expected to be at least an order of magnitude smaller than the stress at the bearing interface. The stress distribution of the concrete below the plate is given for Case 1 in Fig.  3͑c͒ . The maximum concrete principal compressive stress demand was often close to, and sometimes greater than, f c Ј ͑68.95 MPa or 10 ksi͒ but it never exceeded the maximum possible stress of 1.16ϫ68.95 MPaϭ79.98 MPa ͑11.6 ksi͒ for the concrete model. From the results above, it may be seen that ability of the concrete to carry the high bearing stresses at the plate interface was not represented well by the computer model and mesh size used. Since the concrete behavior beneath the plate is a critical part of the force transfer mechanism, and the actual concrete stresses beneath the plate are of critical concern, care is needed with interpretation of the results.
Slip occurred between the steel and concrete because frictional stress transfer was inadequate to assure strain compatibility. The relative steel-concrete vertical displacements for Location B shown in Fig. 4͑a͒ at the top of the column, at the top of the gusset plate, at the bottom of the gusset plate and at the bottom of the column are given in Table 1 . In general, slip decreased toward the column ends, and the slip magnitude above the gusset plate was slightly greater than that below the plate. The maximum slip between the gusset plate and the neighboring concrete occurred near the loading point on the right hand side of Fig. 3͑d͒ .
The concrete-steel slips were generally less than 0.5 mm ͑0.02 in.͒. These slips are so small that they are unlikely to fully activate shear connectors. Taylor ͑1985͒ has shown that many typical shear connectors do not reach their full capacity until there is a slip of 2.5 mm ͑0.05 in͒. Shear studs are therefore unlikely to be effective in connection details such as shown in Fig. 1͑a͒ .
Concrete strains at three locations around the section ͑Loca-tions A, B and C͒ for Case 1 are shown in Fig. 4͑a͒ . Strains given are at the centers of the concrete elements which were approximately 12.7 mm ͑1/2 in.͒ from the tube or plate. Significant concrete tensile strains occurred in the concrete above the bottom of the gusset plate. Strains were compressive below the plate and they were greatest at Location C beside the gusset plate on the side of the section where the force was applied. The strains become uniform toward the bottom of the column. The length over which strain becomes uniform was defined as the distance from the bottom of the gusset plate to the location where the difference between the maximum and minimum strains at Locations A, B, and C becomes less than 5% of the average strains at this location. It was approximately 1.8 times the column diameter for Cases 1, 2, and 3 but it increased with increasing axial force as shown in Table 1 .
Force was only transferred to the concrete by two mechanisms in the model: ͑i͒ bearing under the gusset plate or ͑ii͒ friction between the steel plate and the concrete, or tube and the concrete. The percentage of vertical brace force carried by friction, as shown in Table 1 , is responsible for as much as 30% of the total force transfer at the peak force in Case 4. Generally it is much less than 30% indicating that bearing of the gusset plate on the concrete is the critical transfer mechanism for the force levels considered. Fig. 4͑b͒ indicates that the force carried by friction increases at higher brace forces when concrete normal forces increase at the steel-concrete interface. Friction between the steel tube and concrete contributes significantly to the total friction force, even though at some locations the tube may move away from the concrete due to the higher Poisson's ratio of the steel tube than of the concrete.
In an actual column, boundary conditions may be different from that assumed in the analyses described above. For example, at the base of the structure slip is restrained so the steel tube will carry a greater proportion of the total force at the first level than that assumed in the analysis above. The greater steel force will cause a greater separation of steel and concrete due to Poisson's ratio effects, so friction would be expected to be less than that obtained from the models above. Also, concrete shrinkage ͑Cam-eron 1997͒ and degradation of bond from cyclic loading make it unclear as to how much force transfer will occur due to friction in an actual column.
Experimental Program
The analytical model used above could not simulate the BBC behavior well. In particular, the gusset plate-concrete interface behavior could not be appropriately modeled. Since this behavior significantly affects the overall behavior of BBC connections, total reliance on the analysis results to represent the behavior of actual CFT-BBC connections could not be justified.
An experimental study was therefore carried out to: • Check the reasonableness of the analytical model by measuring the slip and observing the posttest concrete deformation below the gusset plate; • Quantify the performance of a wide range of BBC connection types; • Evaluate the amount of composite action of each connection type; • Determine appropriate values for c 3 in Eq. ͑2͒; and • Evaluate the effect of bearing stress on the concrete. Actual BBC connections with braces, beams and columns as shown in Fig. 5 would be difficult and expensive to test with realistic boundary conditions. Therefore, a number of less expensive simplified connections, which capture the important aspects of the force transfer, were tested. The test units represent the bottom half of the gusset plate and one half of the column clear length as shown in Fig. 5 . The column clear length is assumed to equal twice the tube diameter based on prototype sizes. Force is applied to the top of the gusset plate and distributed to the steel tube through the welds and to the concrete by bearing and bond stresses. Uniform strain within the concrete at the base of the unit was not expected for the length of column used according to the analytical study above.
The test units were designed and built to simulate practice employed in recent prototype CFT-BBC connections with a scale of about 2/3 and dimensions shown in Fig. 6 . They were 1.193 m ͑47 in.͒ long with an outside diameter, D, of 610 mm ͑24 in.͒ and wall thickness of 11.1 mm ͑7/16 in.͒. These tubes had a nominal strength of 248 MPa ͑36 ksi͒ according to ASTM A252 G-2. These properties satisfy the LRFD ͑AISC 1994͒ requirements for composite members that:
• The steel tube cross-sectional area is greater than 4% of the total composite area of the column; • F y is less than 379 MPa ͑55 ksi͒; and • The tube wall thickness is greater than or equal to Dͱ( y /8), where y is the tensile yield strain of the steel. ASTM A572-97 1/2 in. ͑12.7 mm͒ Grade 50 gusset plates were 660 mm ͑26 in.͒ high and 762 mm ͑30 in.͒ wide and the average actual thickness was 13.2 mm ͑0.52 in.͒. In several cases 3/4 in. ͑19.3 mm͒ gusset plates with an actual thickness of 19.3 mm ͑0.76 in.͒ were employed. While the nominal yield stress was 345 MPa ͑50 ksi͒, the actual measured yield and ultimate strengths were 343 and 510 MPa ͑49.7 and 74 ksi͒ for the 12.7 mm ͑1/2 in.͒ plate and 343 and 554 MPa ͑49.7 and 80.3 ksi͒ for the 19.1 mm ͑0.75 in.͒ plate, respectively.
The gusset plate fits within slots in the tube. The slots were cut to a depth of 584 mm and width of 3.2 mm plus the gusset plate thickness. The projection of the gusset plate above the tube was approximately 76 mm ͑3 in.͒. The plate was welded on the outside of each side of the tube all the way around using 8 mm ͑5/16 in.͒ E70 SMAW welds.
These welds provide shear strength of 2.85 MN or 86% of the plate axial yield strength. In an actual connection, the gusset plate is twice as long, providing weld strength corresponding to 171% of the plate axial yield strength. The steel preparation was generally no more that brushing the loose debris from the inside surface, but one unit was sandblasted on the plate and inside of the tube. Before the concrete was poured, internal instrumentation was attached, and the steel tube was placed on two layers of plywood and held down with ropes. The bottom layer of plywood had a hole cut in it of the same diameter as the internal diameter as the tube so that the top layer of plywood would deflect downwards making the concrete surface at the bottom of the tube convex as shown in Fig. 7a . When the specimen was placed on the hydrostone under the test machine, the convex surface reduced the possibility of trapped air pockets so that the full bearing area of the concrete could be utilized.
A pea-gravel concrete was used for all test units. Concrete with a 28 day target strength of 48 MPa ͑7 ksi͒ was placed through a 100-mm ͑4-in.͒-diam polyvinyl chloride tube from a bucket supported by a crane. Thorough vibration of the concrete was carried out and special care was made to ensure there were no gaps directly beneath the gusset plate. Two sets of test units were tested. The 28 day strength of the concrete was 52.9 MPa ͑7,670 psi͒ and 47.54 MPa ͑6,895 psi͒ for Sets 1 and 2, respectively. At the time of testing, the strengths varied between 53.3 MPa ͑7,735 psi͒ and 72.6 MPa ͑10,535 psi͒ for Set 1 and 45.4
MPa ͑6,581 psi͒ and 52.1 MPa ͑7,563 psi͒ for Set 2 ͑Gunderson 2002͒. The shrinkage of the mix design was 23ϫ10 Ϫ6 at 28 days according to the concrete distributor. Moist burlap was used to aid concrete curing.
A summary of the test unit properties is given in Table 2 and Fig. 8 . The first test unit, Unit 1-1, was built according to the specifications described above. Unit 1-2 was tested with no concrete. Unit 1-3 had a thicker gusset plate that would be expected to cause more composite action as the bearing surface beneath the plate was larger than that for Unit 1-1. Unit 1-4 was greased to reduce the effect of bond and friction between the steel and concrete, Unit 1-5 had two solid 508-mm-͑20-in.͒-long 19-mm ͑0.73-in.͒-square ribs of A572-97 Grade 50 steel placed horizontally on each side and welded to the gusset plate with E70 6.35 mm ͑1/4 in.͒ fillet welds all around. These ribs were centered at approximately the 1/3 points of the plate height ͑203 mm ͑8 in.͒ and 406 mm ͑16 in.͒ from the bottom of the plate, respectively͒, and this rib spacing assured that the angle between the internal inside bearing surface of one rib and the maximum outstand of the rib below was less than 22.5°. A lower bound limit on the clearance angle and rib spacing is essential if it is assumed that load is spread out at an angle of 45°below each rib ͑PCI 1985͒. Unit 1-6 had a large diameter hole in the center of the plate in the hope of increasing the bearing surface and bond resistance. A hole in the plate, rather than ribs on the plate, makes the connection easier to fabricate. A second set of units, Set 2, was also tested in order to verify the behavior of Set 1 tests and to investigate other configurations. Unit 2-1 was similar to Unit 1-1. The gusset plate and inside of the steel tube were sandblasted to increase the friction for Unit 2-2. Unit 2-3 was similar to Unit 1-3. Unit 2-4 contained 11 Nelson 3/4ϫ3-3/8 in. headed shear studs with a final length of 75 mm on each side of the gusset plate. The studs were welded to the gusset plate using a Nelson TR 1800 welder with 480 V, 1600 A, straight polarity and medium lift with a lifttime of 0.90 s. The yield strength of the studs was 458 MPa ͑66.4 ksi͒ and the ultimate strength was 489 MPa ͑71 ksi͒. Unit 2-5 was similar with only five shear studs on each side. Unit 2-6 was similar to Unit 1-5 except that three ribs were used on either side of the gusset plate. The ribs were centered 146 mm ͑5.75 in.͒, 292 mm ͑11.5 in.͒, and 438 mm ͑17.25 in.͒ from the bottom of the plate. Unit 2-7 contained five 114-mm-͑4.5-in.͒-diam holes distributed around the gusset plate in an X pattern. Unit 2-8 was similar to Unit 2-7 except that 10 ͑nominally 32 mm diameter͒ Grade 60 ͑nominally 414 MPa͒ deformed reinforcing bars were tack welded to the top of each of the five holes. The length of reinforcing bar in the four outside holes was 305 mm ͑12 in.͒, and that in the center hole was 407 mm ͑16 in.͒. Unit 2-9 was similar to Unit 2-1 but the gusset plate outstand at the top was removed so that the concrete and steel could be loaded together.
Before each test a 19.1-mm ͑0.75-in.͒-thick Grade 50 plate was set level on a 3.2 mm ͑0.125 in.͒ layer of hydrostone under the Baldwin 10 MN ͑2300 kip͒ test machine. This plate had a hole with a diameter equal to the inside diameter of the steel tubes. The test units were positioned over the base with a fork lift. The hole in the steel plate was filled with wet hydrostone. The hydrostone 1 h wet compressive strength was 28 MPa ͑4.1 ksi͒. As the test units were lowered, concrete within the tube bore on the hydrostone pushing excess hydrostone out. As a result, the concrete was bearing directly on the hydrostone while the steel shell bore against the 19.1 mm ͑0.75 in.͒ steel plate during testing as shown in Fig. 7͑b͒ . For the hollow tube, Unit 1-2, shims were used to create uniform bearing between the tube and 19.1 mm ͑0.75 in.͒ plate.
Instrumentation consisted of potentiometers measuring the vertical displacement of the Baldwin loading head from the base, the top of the steel tube, the top of the concrete surface and at the bottom of the gusset plate. Strain gauges were placed vertically at 37 mm ͑1.5 in.͒ below the top of the gusset plate, 15 mm ͑0.6 in.͒ from the bottom of the gusset plate ͑inside the tube͒, along the outside of the tube beside the gusset plate, 25 mm ͑1 in.͒ and 125 mm ͑5 in.͒ below the gusset plate on the outside of the tube, on the outside of the tube 50 mm ͑2 in.͒ from the base and 215 mm ͑8.5 in.͒ from the base. The number of gauges used at each location varied slightly for the different units but typical details are given in Fig. 6 . Sometimes gauges were placed both inside and outside the tube at the same location. A 61-mm-͑2.4-in.͒-long concrete embedment gauge measuring vertical strain was centered 215 mm ͑8.5 in.͒ up the base in the center of the tube. It was supported by a number of wires to prevent movement during concrete placing. Strain readings of the concrete gauge tended to be swamped by daily temperature fluctuations on the circuitry so no definitive conclusions could be made relating concrete shrinkage after casting. Data were recorded using a PC computer and an Agilent Model 13970A Data Acquisition/Switch Unit. The strain gauges were connected to a full Wheatstone bridge to improve reading sensitivity.
After each test unit had been set in place under the load machine, the hydrostone had hardened, the test unit instrumentation had been applied and connected to the data acquisition system, testing of the unit commenced. A small force of approximately 20 kN ͑5 kip͒ was applied to the top of the test unit gusset plate and the data gathering system was checked to ensure recorded measurements were reasonable. The force was removed and the test program was initiated. Force applied to the unit was cyclic in compression so testing involved applying and removing the compression force on the unit. The loading rate used was 5.34 kN/s ͑1.2 kip/s͒. In the initial cycle, Cycle 1, the force applied to the unit was 1424 kN ͑320 kips͒ causing 0.43F y in the 12.5 mm ͑1/2 in.͒ gusset plate. The forces were increased by 178 kN ͑4.45 kip͒ in each successive cycle. In Cycle 10, the applied force was therefore 3026 kN ͑681 kip͒ causing 0.91F y or 94% of the buckling force, assuming an effective length factor of unity, in the 12.5 mm ͑1/2 in.͒ gusset plate. This force of approximately 0.16( f c ЈA c ϩF y A s ) was considerably greater than the vertical force for a column in an actual structure ͑modified for scale͒ of 1811 kN ͑407 kip͒ at first yield of the braces or 2790 kN ͑627 kip͒ at the ultimate condition of the braces ͑Emoto 1996͒. In some cases higher force was also applied.
Experimental Behavior

General Behavior
Forces applied to the plate were distributed to the tube through the welds and to the concrete by means of bearing and friction. Strains in the tube and concrete increased with greater applied load but very little visible sign of damage was observed at any load level for any specimen.
Yield did not occur in the tube during the loading to Cycle 10. However, in some cases greater force was applied to test units and vertical gauges on the steel tube 25 mm below the bottom of the gusset plate indicated localized yield.
Upon completion of each test, the units were removed from the steel plate and the hydrostone base and inspected to see how well the concrete had made contact with the hydrostone. Some void areas were observed. They were generally small and well distributed and their total area was always less than 5% of the total concrete area.
Composite Behavior
Two methods were used to describe the amount of composite action in the test unit. In the first method, the percentage of composite action, %Composite, was computed according to Eq. 4͑a͒ where gauge is equal to the strain measured in the steel tube during the experiment, steel is the expected strain in the steel tube if there is no concrete and it is computed as P/(A tube E steel ), where A tube is the cross-sectional area of the tube, and E steel is the elastic modulus of the steel of 200 GPa ͑29,000 ksi͒, and P is the axial force on the test unit. The strain expected in the test unit if it were to remain fully composite, comp , was computed according to Eq. 4͑b͒ where A conc is the area of concrete in the tube and E conc is the elastic modulus of concrete which was calculated according to ACI ͑1995͒ as 4,733ͱ f c Ј (MPa) ͓57,000 ͱf c Ј (ksi)͔. It should be noted that when gauge ϭ steel then the steel is carrying all of the force and %Composite is 0%. Also, if gauge is equal to comp , then %Composite is equal to 100%. It is possible for %Composite to be greater than 100% if the approximations used to compute E conc are not appropriate. The %Composite was calculated from strain gauges at 50 mm ͑2 in.͒ from the base, from those 216 mm ͑8.5 in.͒ from the base, from the concrete strain 216 mm ͑8.5 in.͒ from the base and from displacements in the bottom 610 mm of the test unit as shown in Fig. 6 for Unit 1-1. %Composite from the strain gauges at 50 mm ͑2 in.͒ and 216 mm ͑8.5 in.͒ from the base were similar indicating little bond transfer in between these gauges. The %Composite from the concrete gauges and from the displacements at the bottom of the test unit also indicated similar trends to those obtained from the steel strain gauges
The degree of composite action was also computed as the coefficient, c 3 , shown in Eq. ͑5͒ ͑Gunderson 2002͒ from Eq. ͑2͒. Here c 3 is equal to zero when %Composite is zero and it is equal to 1.0 when %Composite is 100%.
Percentage composite action for each unit at Cycle 10, as shown in Table 2 , was computed according to Eq. 4͑a͒ and gauge was computed from the strain gauges at the base of each tube. Units with ribs ͑Units 1-5 and 2-6͒ showed composite action of 83-87%. Unit 1-6 with one large hole, and Unit 2-7 with five small holes, had composite action of 87 and 58.4%, respectively, indicating that one large hole was more effective than a number of small holes even though the bearing area of the unit with more holes is greater. When 10 rebar was placed in the small holes ͑Unit 2-8͒, the composite action increased from 58.4 to 72.4%. The standard test unit ͑Unit 1-1͒ had 76.6% composite action. When the standard test unit was greased ͑Unit 1-4͒, it had 51% composite action. Sand blasting increased the degree of composite action to 68% ͑Unit 2-2͒. It was expected that the amount of composite action in the standard unit would be between that in the greased and sand-blasted units, but it was actually greater than both of these. It was also greater than for Units 1-3 and 2-3 with the thicker ͑19 mm͒ plate and greater bearing area which have %Composite of 62.6 and 54%, respectively. This difference in behavior of these two units provides an indication of the reliability of the values calculated. The presence of shear studs did not seem to make a significant effect on the amount of composite action. The degree of composite action for the empty unit, Unit 1-2, was also calculated using the same method as that used for the other units and it was found to be Ϫ6% due to the strains in the steel near the base of the specimen. This value should obviously be zero so it gives an indication of the accuracy of the methods used. The reason for the discrepancy may be due to the tube being supported nonuniformly at the base or it may be a result of bending in the tube since the base is restrained from moving. Unit 2-9, which was loaded uniformly on the steel and concrete had almost 100% composite action. Fig. 9 shows the amount of composite action at different levels of loading. It generally decreases as cohesion and friction is lost, but in some cases it increases again possibly as bearing becomes more significant.
The value of c 3 at Cycle 10 was computed according to Eq. ͑5͒ and is given in Table 2 . It may be seen that c 3 is greater than 0.6 for test units with ribs. This is significantly greater than the value of 0.4 suggested in current design procedures. For test units with plain gusset plates c 3 is less than 0.4 at the high loads associated with Cycle 10.
Slip Along Tube
The slip between the concrete and steel at the top of the tube increased with increasing force and the relationship was approximately linear. When the force was removed during unloading, the slip did not return to zero. Slip tended to increase for units with less composite action as shown in Table 2 . It may be seen that the average slip was about 0.7 mm, and it was 0.48 and 0.33 mm for Units 1-5 and 2-6 with 4 and 6 ribs, respectively. Since the scale of the test units was 2/3, slips 1.5 times the values shown may be expected in an actual structure. These levels of slip are of similar magnitude to that at the top of the unit analyzed as shown in Table 1 validating the global trends in the analyses. However, they are significantly less than the level of 2.5 mm required to fully activate the strength of shear studs.
Stress at Bottom of Plate
If there is no bond stress, then all force in the concrete occurs by bearing and the average stress in the concrete beneath the steel plate, c , is given by Eq. ͑6͒. It is approximately 4.1f c Ј for Unit 1-1 at Cycle 10 as shown in Table 2 . For design, AISC recommends ignoring bond stress and the permissible bearing stress beneath the plate is 1.0f c Ј according to Eq. ͑1͒. The loading applied to these test units at Cycle 10 is therefore significantly more severe than that expected in actual structures. An indication of the actual bearing stress can be obtained from Unit 1-4 which was greased to reduce the bond. Here the composite action is less and the bearing stress below the plate was about 2.75f c Ј c ϭ P t plate ͑ DϪ2t tube ͒ c 3 A conc E conc ͑ A tube E steel ϩc 3 A conc E conc ͒ (6)
Deformation of Concrete Below Gusset Plate
In order to observe the effect of high stresses in the concrete beneath the gusset plate Unit 1-4 ͑the greased unit͒ and Unit 2-4 ͑with 22 shear studs͒ were cut open using a scarfing process so as not to damage the concrete. Unit 1-4 had the highest bearing stresses since very little force transfer to the concrete occurred. A horizontal crack of approximately 0.5 mm ͑0.02 in.͒ occurred in the concrete at the level of the plate. Also 45°cracks occurred below the plate. In Unit 2-4 only the localized 45°cracks were observed. In both units there was no indication of concrete crushing beneath the gusset plate and Schmidt hammer tests indicated a similar hardness to that of other nonloaded concrete in the section.
Practical Implications
From the analytical and experimental studies described above some practical implications of the research are summarized below.
• Friction between the tube/gusset plate and the concrete generally accounts for less than 30% if the total force transfer in the analytical studies. Given the possibility of concrete shrinkage ͑Cameron 1997͒ and difficulties in estimating the amount of friction in actual CFT columns, force transferred to the concrete should be carried by bearing. This is consistent with existing AISC code requirements.
• Since typical shear studs require about 2.5 mm slip before their strength is fully mobilized, and actual expected slips expected as a result of the analytical and experimental study indicate that the slip may be less than 0.6 mm, shear studs are not effective in transferring force between the steel and concrete. Their effect should therefore be ignored.
• Since bearing stresses on the concrete from the gusset plate as large as those obtained for the prototype structure caused cracks at 45°below the bottom of the plate, it is difficult to justify the use of a bearing stress greater than the AISC code requirement in Eq. ͑1͒.
• The BBC connections causing the greatest amount of composite action in the column are those using horizontal ribs welded to the gusset plate. For connection types resembling those used in the experimental testing with welded ribs, the c 3 value in Eq. ͑2͒ should be increased from the AISC recommended value of 0.4, to 0.6.
Conclusions
The likely performance of a concentrically braced frame ͑CBF͒ with concrete filled tube ͑CFT͒ columns designed according to current code procedures was investigated. 1. Finite element analyses and test results for units with significant composite action and low concrete bearing stresses both indicate slip of the steel shell relative to the concrete of approximately the same magnitude. This indicates that the global finite element analysis results may be reasonable. 2. Slip deformations between the steel and concrete were insufficient to fully activate flexible shear studs so shear studs are not efficient in these connections. 3. Friction cannot be relied on to transfer force between the steel and concrete so all force transfer should be considered to occur by bearing. 4. Connections with ribs welded to gusset plates were more effective in transferring force to the column concrete than were gusset plates with holes or plain gusset plates.
